We study spatially indirect excitons confined in a 10 µm wide electrostatic trap. At sub-Kelvin bath temperatures, we show that the optical emission from the trap is anomalously weak in a regime where the excitons photoluminescence is homogeneously broadened and narrow-band. Particularly, we observe a loss of photoluminescence below a few Kelvin which violates classical expectations. Through a careful calibration of our experiments, we show that the photoluminescence loss can only be interpreted as the signature for Bose-Einstein stimulation of excitons from bright to dark states.
We study spatially indirect excitons confined in a 10 µm wide electrostatic trap. At sub-Kelvin bath temperatures, we show that the optical emission from the trap is anomalously weak in a regime where the excitons photoluminescence is homogeneously broadened and narrow-band. Particularly, we observe a loss of photoluminescence below a few Kelvin which violates classical expectations. Through a careful calibration of our experiments, we show that the photoluminescence loss can only be interpreted as the signature for Bose-Einstein stimulation of excitons from bright to dark states. 
I. INTRODUCTION
Bose-Einstein condensation constitutes a striking quantum phase transition in which, in the simplest approximation, a macroscopic ensemble of quantum particles ends in the lowest energy state, below some critical temperature [1] . Bose-Einstein condensation (BEC) was demonstrated for atomic gases, thanks to a thorough control over the cooling of laser-trapped atomic vapours. Low enough temperatures (∼ µK) were reached at the cost of complex evaporation techniques, and pure BoseEinstein condensates were demonstrated. For that, elegant time-of flight absorption imaging was used to directly infer the momentum distribution before atoms are released from the trap.
For semiconductor excitons, boson-like particles which were considered already long ago to demonstrate BoseEinstein condensation [2] [3] [4] , experimental and theoretical research have mostly considered bright excitons due to their photoluminescence emission [5] . For such optically active excitons, BEC has to lead to a macroscopic population in the k=0 motional state, which is the most efficiently coupled to light. A strong and narrow-band photoluminescence has then been searched as the signature for BEC. This has lead to very large progress in the understanding of exciton gases at low temperatures, but not to unambiguous signatures for Bose-Einstein condensation to the best of our knowledge.
Recently, M. Combescot and co-workers [6] brought forward a simple reason that could well explain the lack of consensus regarding Bose-Einstein condensation of excitons. For widely studied GaAs materials, the authors argumentation relies on the underlying fermionic nature of excitons, which are made of Coulomb bound electrons and holes, with "spins" equal to (±1/2) and (±3/2) respectively. Hence, excitons can carry a total spin (±2). They are then optically dark and do not experience repulsive interband Coulomb scatterings, unlike optically bright excitons which carry a total spin (±1) and then couple to light fields. The energy splitting between bright and dark states leads to an extensive energy difference between bright and dark exciton condensates, such that BEC inevitably yields a macroscopic population of dark excitons [6, 7] . For excitons in GaAs double quantum wells this splitting is in the range of a few micro-eV [8] . Accordingly, the extensive energy difference between bright and dark condensates is of the order of a milli-eV for 10 3 condensed excitons.
The conclusions reached by Combescot et al. [6] are in striking contrast with the long search for a condensate of optically active excitons [5] . Although it is analogous to spinor atomic gases or superfluid helium [10, 11] , the dark state condensation leads to an anomalous darkening of the photoluminescence emission as the excitons temperature is decreased. By contrast, it is classically expected that the exciton photoluminescence is enhanced as the excitons temperature is lowered [12, 13] . In recent years, experimental works have reported observations that support the key role played by dark states for the low-temperature physics of exciton gases. These observations were made with spatially indirect or dipolar excitons [14] [15] [16] [17] [18] , injected optically in a quantum well heterostructure. A surprisingly dark photoluminescence has thus been revealed [14, 18] , and more importantly it was found that a microscopic and dark drop of excitons exhibited a long-range spatial coherence at sub-Kelvin bath temperatures [18] . The latter behaviour signalled clearly a quantum statistical regime. However, experiments suffer from a lack of control, e.g. from a large inhomogeneous broadening [14] or from the inability to control the exciton density [18] .
Here, we report robust signatures for excitons condensation in optically dark states at sub-Kelvin bath temperatures. Evidences are obtained by confining long-lived indirect excitons (of a GaAs double quantum well) in a 10 µm wide dipole trap. Long after optical loading of the trap, in a regime where we expect to have a dilute gas at thermal equilibrium, we show that our experiments reach unprecedented performances: First, the exciton trap allows a quantitative variation of the excitons temperature at a fixed density. Also, the photoluminescence emitted is homogeneously broadened and narrow-band (300 arXiv:1506.08020v2 [cond-mat.quant-gas] 22 Apr 2016 µeV wide) when ≈10 4 excitons are trapped at T b =330 mK. In these well controlled conditions, we show that the photoluminescence darkens anomalously below a critical temperature ∼ 2K. After carefully excluding the effect of incoherent losses, we show that the photoluminescence darkening can only be interpreted by the quantum condensation of trapped excitons in the lowest energy dark states. At sub-Kelvin temperatures we estimate that 80% of excitons are quantum condensed in these dark states. The reemitted photoluminescence (wavy red arrows) is only due to the radiative recombination of lowest energy (k∼0) bright excitons (BX), i.e. lying at an energy smaller than the intersection between excitonic (BX) and photonic (Ph) bands. (e) Our experiments rely on a 100 ns long loading pulse while the exciton dynamics is monitored in a 5 ns long and running time window which follows each laser pulse. This sequence is repeated at 2 MHz.
II. EXPERIMENTAL METHODS
As illustrated in Figure 1 , we probe spatially indirect excitons in a GaAs/AlGaAs double quantum well (DQW). Indirect excitons form in such heterostructures by applying an electric field perpendicular to the quantum wells. In our experiments, this is achieved by biasing two independent and semi-transparent metallic electrodes deposited on the surface of a field-effect device embedding the DQW (Fig. 1 .a, see also [21] for details).
This ensures that minimum energy levels for electrons and holes lie in distinct quantum wells ( Fig. 1.c) . In the following experiments, negative biases are applied to the two electrodes, with a larger one onto the central (trap) electrode compared to the outer (guard) electrode. As a result, we create a ∼10 µm wide trap of ∼5 meV depth ( Fig. 1.b) , indirect excitons being attracted towards the regions where the electric field is the strongest [15, 20] . Figure 1 .c-e shows how excitons are injected in our studies: we use a 100 ns long laser excitation (at 2 MHz repetition rate) tuned on resonance with the direct exciton absorption of the DQW. Thus, the fraction of excess carriers photo-injected in the trap is efficiently damped, as confirmed by the low photo-current emission (∼ 10-100 pA while the dark current is less than 10 pA). Also, the laser beam is set with a 8 µm waist such that it covers the entire trap where it yields a spatially homogeneous gas of indirect excitons after electrons and holes have tunnelled towards their respective minimum energy states.
Once the electrostatic trap has been optically loaded, we quantify the relative occupation of the excitons "spin" states as the total density is decreased by radiative recombination of bright indirect excitons ( Fig. 1.d ). This is achieved by varying the delay to the laser excitation ( Fig. 1 .e) while monitoring the integrated intensity of the photoluminescence, its spectral linewidth and energy position. The latter quantity, E X , is used to quantify the total density, i.e., including both bright and dark excitons. Indeed, E X reflects repulsive dipolar interactions between indirect excitons [22] [23] [24] . At first order, this contribution yields a blue-shift of the photoluminescence energy which scales as u 0 n x , n x denoting the exciton density. The exact magnitude of u 0 is still investigated theoretically, however it seems accepted that u 0 n x ∼ 1meV for n x ∼ 10 10 cm −2 [22] . In our experiments the blue shift of the photoluminescence emission is inferred by comparing E X to its value at the latest delays (∼ 300 ns after termination of the laser excitation). Moreover, the photoluminescence integrated intensity (I X ) allows us to extract the fraction of bright excitons in the trap. Indeed, I X is directly given by the product between the density of bright excitons and their optical decay rate (1/τ opt ). By comparing the variations of I X and E X , we then infer the fraction of dark excitons. Finally, to estimate the strength of inhomogeneous broadening but also to confirm that indirect excitons are brought to lower temperatures as T b is decreased, we analyze the photoluminescence linewidth (Γ X ) together with the spatial distribution of the exciton cloud in the trap. Figure 2 quantifies the time evolution of I X , Γ X and E X at the lowest bath temperature (T b = 330 mK). Fig.  2 .a shows that the photoluminescence integrated intensity and its emisson energy follow exponential-like decays (within the precision of our measurements), with characteristic times of about 60 and 120 ns respectively. This difference proves that the overall exciton density decays slower than its sole bright component. Also, in Figure 2 .a we note that E X decreases by ∼ 5 meV across the delay range that we explore. This suggests that the trap is full at the end of the laser excitation. The exciton density decreases from ∼5 10 10 cm −2 at the termination of the laser pulse, to ∼10 9 cm −2 at very long delays, that is at τ ∼250 ns when E X becomes essentially constant. . The dashed red line shows a Lorentzian fit with 300 µeV spectral width. Measurements are all taken at T b =330 mK, in a 3 µm wide region at the center of the trap and for a 1 µW mean laser excitation power. Fig. 2 .b shows the dynamics of the photoluminescence spectral width Γ X at T b =330 mK. We first note that Γ X rapidly decreases in the first ∼70 ns after the laser excitation, and then remains essentially constant. We interpret the initial decrease of Γ X as a manifestation of the excitons thermalisation in the trap. Indeed, it takes a few tens of nanoseconds to evacuate the laser induced heating of the heterostructure [25] . Furthermore, we can not exclude that the transient photocurrent, concentrated during and shortly after the laser pulse, contributes to the initial broadening of the photoluminescence. By contrast, at longer delays, τ 70-100 ns, Γ X is essentially constant in a regime where the exciton gas is dilute since n x a 2 X ≤0.3, a X ∼20 nm being the exciton Bohr radius [27] . This behaviour is expected since exciton-exciton interactions do not yield a significant homogeneous broadening [23, 29] across this range of densities (n x 3 10 10 cm −2 ). In the measurements shown in Figure 2 , the photoluminescence signal is in general very weak (for Fig. 2 .c the peak intensity is ∼ 50 photons/min for a 5 ns integration window repeated at 2 MHz). That is why our studies rely on extended acquisitions. At first, we computed the photoluminescence spectrum averaged over an ensemble of 10 successive one-minute acquisitions. As shown in Fig.  2 .b, this leads to Γ X ∼ 1 meV sufficiently long after the loading laser pulse. We have also studied the photoluminescence spectrum by evaluating the statistical average over the same 10 realisations, as also shown in Fig. 2.b . Remarkably, the latter approach yields a spectral narrowing ∼ 0.5 meV, so that Γ X can become as narrow as a few hundreds of µeV. The difference between the two processing techniques reflects the energy fluctuations of the electrostatic trapping potential. Indeed, the inset in Fig. 2 .a shows that E X varies by as much as 500 µeV over an ensemble of ten successive one-minute acquisitions. Fig.2 .c illustrates the impact of spectral diffusion. It compares two single-shot (one-minute) acquisitions recorded 150 ns after termination of the laser excitation, i.e. for an exciton density n x ∼ 2 10 10 cm −2 ; one realisation shows a rather broad photoluminescence (∼ 1.5 meV) while the second spectrum uncovers a fine structure with a 300 µeV wide lorentzian line superposed onto spectrally wider component. The latter experimental run allows concluding that we observe an homogeneously broadened gas of indirect excitons. Unfortunately, spectral diffusion blurs the photoluminescence spectrum. It introduces random flucuations of the electrostatic confinement during the measurement time, which lasts over half a day for basic acquisition at a single bath temperature. In this time interval, we note strong spectral fluctuations, as the ones shown in Figure 2 , at a rate limited by the low photoluminescence emission from the trap (∼ 10 sec). However, these fluctuations only induce 10-20% variations of the integrated intensity. This indicates that our device allows estimating the density of bright excitons in the trap by monitoring I X . On the other hand, to estimate the total density of excitons through E X , our studies are limited by spectral diffusion to about 500 µeV, yielding a precision of the order of 5 10 9 cm −2 on the exciton density.
III. SPECTROSCOPY OF INDIRECT EXCITONS TRAPPED AT T b = 330 MK

IV. EVIDENCE FOR EXCITON THERMALISATION TO SUB-KELVIN BATH TEMPERATURES
For indirect excitons confined in our trap, the critical temperature for Bose-Einstein condensation is estimated in the range of a few Kelvin for n x ∼ 10 10 cm −2 [9] . For the experiments shown in Figure 2 , this range of densities is reached about 150-200 ns after the laser excitation, i.e., in the regime where the photoluminescence emitted by bright excitons is homogeneously broadened and spectrally narrow-band. In such conditions, one naturally wonders if the trapped gas behaves classically, or, on the contrary, does it behave quantum statistically since these experiments are performed at T b =0.33 K.
As mentioned previously, to tackle this issue we followed Combescot and co-workers [30] and quantified the occupation of bright and dark exciton states as the bath temperature is lowered. We restricted our studies to a parameter space where experimental conditions are constant, that is the photo-current generated by the laser excitation, the depth and the spatial profile of the trapping potential. This sets well defined experimental conditions. Also, it sets the range of accessible bath temperatures to 0.33 ≤T b ≤ 3.5 Kelvins. It shows that E X exhibits a very stable dynamics across this range of bath temperatures. We only note a slight deviation at short delays to the termination of the laser excitation (τ ≤70 ns in the grey region in Figure 3) . We attribute this deviation to a varying transient photocurrent. This inevitable photocurrent alters the internal electric field and then E X too. The latter can no longer be simply used to extract the overall exciton density. On the other hand, E X is mostly unchanged beyond the transient regime (τ ≥80 ns) when we increase T b up to 3.5 K. At long delays (τ ∼ 300 ns) it varies by less than 500 µeV reflecting the fluctuations of the trap depth (∼8%), dipolar repulsions between excitons yielding a vanishing correction to E X in this very dilute regime. At higher densities, i.e. for 80 τ 250 ns which corresponds to 5 10 9 n x 3 10 10 cm −2 , we observe again that E X varies by less than 500 µeV between 0.33 and 2.5 K. Given the stability of the trapping potential, we are lead to conclude that exciton-exciton interactions exhibit a negligible temperature dependence in our experiments. This observation contrasts with recent works reporting an increase of excitonic correlations for bath temperatures below 2.5 Kelvins [14] . It was then concluded that a dark liquid of indirect excitons was building up. Instead, our experiments reveal that thermal activation, by increasing the bath temperature up to 3.5 K, varies exciton-exciton interactions by less than our instrumental precision (∼ 500 µeV). This supports our estimation of the exciton density which places our studies well in the dilute regime. Trapped excitons behaving as a weakly interacting gaseous ensemble, quantum statistical correlations can be understood in the framework of Bose-Einstein condensation.
Interestingly, at T b ≤ 3.5K and for τ ≥80 ns we noted that the dynamics of E X can be approximately modelled by a mono-exponential decay. The inset in Figure 3 .a shows the extracted time constants. For each bath temperature the precision of the fitting routine is about 20 ns, sufficient to note that the decay time varies weakly with the bath temperature. It is bound to about 100 ns which further supports that the total density of excitons has a stable dynamics across this range of bath temperatures.
Unlike the total exciton density, the occupation of bright states strongly depends on the bath temperature. This behaviour is shown in Figure 3 .b that presents the dynamics of the photoluminescence integrated intensity I X at T b =0.33 and 2.5 K. The transient regime (grey region) constitutes the only region where I X varies weakly with T b . It confirms that bright excitons are not completely thermalised, otherwise the population in the lowest energy bright states would increase between 2.5 and 0.33 K, and so I X would increase. Beyond the transient regime, Fig. 3 .b clearly shows that the photoluminescence intensity drops faster as the bath temperature is lowered. In an attempt to quantify this decrease, we modelled the decay of I X with a simple exponential after the transient regime, i.e., for τ ≥80 ns. The resulting decay times τ opt are displayed in Fig.3 .d, as a function of T b . It shows that the precision of the fitting routine is reasonable, being of the order of 10 ns. Thus, we observe that τ opt drops from ∼ 100 ns at T b =3.5 K to ∼ 70 ns at 1.5 K, τ opt being rather constant at lower temperatures within the precision of our analysis.
The optical decay time τ opt is expected to vary with the exciton temperature [13, 31] . Indeed, only coldest bright excitons, with a kinetic energy lower than about 150 µeV (∼ 1.5K), contribute to the photoluminescence. As a result, bright excitons decay faster as one lowers their temperature, simply because they can "spend" more time in the radiative region of the energy band (Fig.1.c) . In a classical regime, i.e., when excitonic states are thermally populated, it was shown that τ opt decreases linearly with the exciton temperature [26] , provided that this temperature is sufficiently large compared to 1.5K. Otherwise, classical approximations no longer hold since the exciton gas becomes statistically degenerate. In this latter case, the optical decay time of the photoluminescence saturates for an exciton temperature of about 1.5 K when n X ∼10 10 cm −2 , yielding a photoluminescence decay rate equal to twice the intrinsic radiative lifetime [13, 31] . Remarkably, Figure 3 .d reproduces this behaviour: indeed our findings are well reproduced using the theoretical model detailed in Ref [31] . This leads us to two main conclusions: (i) trapped excitons are thermalised to lower temperatures as T b is decreased, the thermalisation possibly occurring to the bath temperature (ii) the saturation of τ opt is consistent with a statistically degenerate gas of indirect excitons.
The cooling of trapped excitons by lowering T b is supported further by the spatial profile of the photoluminescence. Figure 4 shows that it contracts by over 30 % between 3.5 and 0.33 K. Thus, at T b =330 mK, the cloud is concentrated at the center of the trap where bright excitons emit a top-hat like photoluminescence, as expected for a cold gas. Finally, let us note that the saturation of τ opt to ∼ 65 ns in our experiments leads to a radiative lifetime of about 30 ns for our heterostructure. This estimation is compatible with numerical simulations for DQW heterostructures [27] , given that we estimate the internal electric-field to about 20-40 kV.cm −1 , the precision being here limited by the screening of the internal field by photo-injected and trapped carriers [28] .
V. ANOMALOUS PHOTOLUMINESCENCE DARKENING AND DARK-STATE QUANTUM CONDENSATION
The results displayed in Figures 3 and 4 demonstrate unambiguously that trapped excitons are brought to lower temperatures while T b is decreased. Among the signatures for such cooling, we have shown that the optical decay time of the photoluminescence τ opt decreases by almost a factor 2 when the bath temperature is reduced from 3.5 to 0.33 Kelvins. Accordingly, the intensity of the photoluminescence is expected to increase, because our experiments are performed at a fixed overall exciton density n X while the photoluminescence emission scales as n X /τ opt . However, we observe just the opposite behaviour. For τ ∼ 150 ns, Fig. 3 .b shows that the photoluminescence integrated intensity is 3 times smaller at T b =330 mK than at 2.5 K. Furthermore, Fig. 3 .c signals that not only the integrated intensity is damped while the exciton gas is cooled, but also the peak intensity, which is even more surprising since the photoluminescence spectral width decreases by over 50% in this range of bath temperatures. This leads us to conclude that our experiments reveal a strong depletion of lowest energy bright excitons, which results in an anomalous darkening as the bath temperature is lowered to the sub-Kelvin regime. This conclusion is inevitable for our studies where the total density of excitons is conserved. To interpret the photoluminescence darkening below a few Kelvin, we estimate first the maximum error of our measurements. For that, we analyse the photoluminescence cumulated integrated intensity, measured from τ =80 ns, that is after the transient regime discussed previously. The cumulated integrated intensity computes the total number of photons detected in our experiments for τ ≥80 ns. It gives the total number of bright excitons that we have created and confined in the trap after the transient regime. Figure 5 .a shows that the cumulated integrated intensity decreases by about 30% between 3.5 and 0.33 Kelvins. Accordingly, incoherent non-radiative losses can account for up to 30% of the photoluminescence darkening. These incoherent losses embrace the processes which can vary the rate of excitons radiative recombination in a temperature dependent manner, but also the processes that can lead to an escape of excitons from the trap. Resulting in a ∼30 % variations, altogether these processes are not sufficient to interpret our experiments. Indeed, Figure 5 .b. shows that the amplitude of the photoluminescence darkening reaches ap-proximately 70% 190 ns after the termination of the laser excitation and about 60% 60 ns later (τ =250 ns). We have shown that in this regime the photoluminescence is homogeneously broadened; we then have no other choice than to conclude that bright excitons are converted into dark excitons to possibly conserve the total density while excitons are cooled down to sub-Kelvin temperatures. This conclusion inevitably leads us to conclude that the darkening arises in a Bose condensed regime since the energy splitting between bright and dark states is only of a few µeV in DQWs, that is about 10-fold less than the thermal activation energy at our lowest bath temperature. Let us then assume that excitons are thermally distributed at T b =3.5K, a reasonable hypothesis since the excitons degeneracy temperature is expected at about 2K. In this case, bright and dark excitonic states are equally populated at T b =3.5K when thermal broadening is expected dominant. Starting from this distribution, we deduce that at T b =330 mK the fraction of excitons in the dark states reaches ∼80 % 190 ns after the loading pulse, i.e., when the total exciton density is about 2 10 10 cm −2 . Such an occupation of dark states then is highly non-classical. It quantitatively confirms, under well controlled conditions, the predicted Bose-Einstein condensation of dark excitons [6, 7] .
VI. CONCLUSIONS
We would like to point out that our experiments, relying on time and spatially resolved spectroscopy, can only evidence the dark-state condensation through a loss of photoluminescence at exciton densities n X ∼ 10 10 cm −2 . To unambiguously relate this loss to quantum condensation into dark states, we have verified that non-radiative channels, others than stimulated scattering from low energy bright to dark excitons, can not account for our observations. Additionally, we have confirmed that a balance sheet between bright and dark occupations is made in a regime where the photoluminescence is homogeneously broadened at sub-Kelvin bath temperatures. As shown in Figure 4 , we observe the anomalous photoluminescence darkening over a wide range of densities in the trap (0.5 10 10 cm −2 n x 2 10 10 cm −2 , corresponding to time delays after the loading laser pulse 150 τ 250 ns), whereas at higher densities the darkening is not clearly marked. At lower densities our instrumental precision does not allow us to reach quantitative conclusions.
According to theoretical predictions [32] , and also to recent experiments that we performed onto similar heterostructure [18] , in the regime where we conclude that we have observed dark-state quantum condensation of indirect excitons, the exciton condensate is not only made of dark excitons. Instead, it consists of a dominant dark component coherently coupled to a weaker bright component. As a result, the exciton condensate can be viewed as "gray" and characterised by a weak coherent photoluminescence. The narrow-band emission that we observe at 330 mK is not incompatible with this conclusion, however a quantitative proof will require time and spatially resolved interferometry. This analysis lies beyond the scope of the present study.
